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Chapter 20

Herglotz functions and applications in
electromagnetics

Mitja Nedic!, Casimir Ehrenborgz, Yevhen Ivanenko’,
Andrei Ludvig-Osipov?, Sven Nordebo’, Annemarie Luger®,
Lars Jonsson’, Daniel Sjoberg®, and Mats Gustafsson’

Herglotz functions inevitably appear in pure mathematics, mathematical physics, and
engineering with a wide range of applications. In particular, they are the pertinent
functions to model passive systems, and thus appear in modeling of electromagnetic
phenomena in circuits, antennas, materials, and scattering. In this chapter, we review
the basic theory of Herglotz functions and its applications to determine sum rules and
physical bounds for passive systems.

20.1 Introduction

Holomorphic mappings between certain half-planes appear in areas such as spectral
theory [1,2], moment problems [3,4], passive systems [5,6], circuit synthesis [7,8],
dispersion relations [9,10], and homogenization [11,12]. These functions, here
referred to as Herglotz functions, are also known as Nevanlinna, Herglotz-Nevanlinna,
Pick, R- [13], and positive real (PR) [7] functions. In this chapter, we review mathe-
matical properties of Herglotz functions and discuss their applications in the modeling
of passive systems, derivation of sum rules, and physical bounds.

Herglotz functions can be represented by an integral representation solely depend-
ing on scalar parameters and a positive measure. This representation is very powerful
and is the starting point for many results on Herglotz functions. In particular, we
use the integral representation to derive identities that relate weighted integrals of a
Herglotz function with its asymptotic expansion [3]. These identities are often referred
to as sum rules and have many applications in electromagnetics [14].
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Passivity is instrumental in the modeling of electromagnetic phenomena. It is
used to describe objects and systems that do not produce energy. Here, a system per-
spective is employed where passivity characterizes systems where the energy leaving
the system does not exceed the energy that has entered the system for all signals and
times. Linear, time-translational invariant, and passive systems have transfer func-
tions that either are or can be transformed to Herglotz and PR functions [6]. This
implies that Herglotz functions constitute a generic way to model all passive systems
regardless of the complexity of the system.

Sum rules are useful in many branches of physics and engineering as they
relate dynamic parameter values with their low- and high-frequency expansions [9].
Properties of the dynamic response can hence be inferred by the, in many cases
much simpler, static response. These types of identities and physical bounds are
of great interest in many areas of electromagnetic theory. They provide physical
insight of the relation between design parameters and are useful in optimization as
they provide upper bounds on the design. The approach is based on the identifica-
tion of a passive system where a parameter of interest is the imaginary part of a
Herglotz function. This has, e.g., been used for lossless matching networks [15],
radar absorbers [16], extinction cross section [17], antennas [18], high-impedance
surfaces [19,20], metamaterials [21], and array antennas [22,23].

In this chapter, we show that the integral identities for Herglotz functions consti-
tute a unified approach to derive sum rules and illustrate the approach for the input
impedance of lumped circuit networks, temporal dispersion of metamaterials, and
radar absorbers.

Convex optimization can be used together or as an alternative to sum rules to
determine physical bounds [24,25]. This greatly extends the class of solvable problems
for the price of numerical solutions. This approach is based on the linearity and
positivity of the measure in the integral representation implying that the set of Herglotz
functions is a convex cone. Convex optimization can also be used to characterize
rational PR functions and passive systems via the PR Lemma [5,26] and in conjunction
with Nevanlinna—Pick interpolation [27].

This chapter starts with a review of the definitions, basic properties, and integral
identities of Herglotz functions in Section 20.2. Passive systems in electromagnetics
and their relation to Herglotz functions are discussed in Section 20.3. Sum rules and
physical bounds are investigated in Section 20.4. The application of Herglotz functions
in convex optimization for obtaining physical bounds is reviewed in Section 20.5.

20.2 Basics about Herglotz functions

In this section, we introduce some standard notations and review some classical results
about Herglotz functions. Throughout this text, we denote the open upper and right
half-planes, respectively, by

Cr:={zeC|Im[z] >0} and C, :={z e C|Re[z] > 0} (20.1)

The open lower and left half-planes are defined analogously and are denoted by C~
and C_, respectively (see Figure 20.1). In connection with these particular subsets
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Figure 20.1 A Herglotz function maps the upper half-plane Ct (green) to the
closed upper half-plane C* UR (red)

of the complex plane C, we are interested in the following classes of holomorphic
(cf. [28]) functions.

Definition 20.1. A function #: Ct — C is called a Herglotz function if it is
holomorphic with Im[A(z)] > 0 forall z € C*. (]

Example 20.1. Some basic examples of Herglotz functions are the following:

1
hEz)=1, hE)=z, MhEz)=1, and hy(z)=—- (20.2)

z

A few less trivial Herglotz functions (cf. [29]) are

I"(z)

hs(z) =tan(z), he(z) = —cot(z), and h;(z) = ro) (20.3)
z

where I' denotes Euler’s gamma function (cf. [30]) and I'’ is its derivative. |

New Herglotz functions can be constructed using the following properties:

a. The set of all Herglotz functions is a convex cone; that is, any positive linear
combination of Herglotz functions is again a Herglotz function.

b. For any two Herglotz functions %; and 4y, such that the function /; does not
attain a real value, we can form the composition z — hy;(h(z)), which is again
a Herglotz function.

For example, using only the known Herglotz functions from Example 20.1 and the
two properties (a) and (b) stated previously, we can conclude that the function

1
z>l4+z— ———— 20.4
22— 2 +4 204
is also a Herglotz function.
A common special case is to consider the composition of a Herglotz function
with the function z — Log(z), as in the following example.

Example 20.2. First, let Log be the function defined as
Log: z +— In|z| + 1 Arg(z) (20.5)

where the argument of complex number is taken from the interval [—r, ). Observe
that with this definition, the complex logarithm becomes a Herglotz function.

Let now % be a Herglotz function such that A(z) € (—00,0] for any z € C+.
The function z — Log(/(z)) is therefore well-defined and, in fact, is also a Herglotz
function, since Im[Log(/4(z))] = Arg(h(z)) > 0. ]
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An important subclass of Herglotz functions is given in the following definition.
Definition 20.2. A Herglotz function 4, satisfying the additional condition that

h(—z*) = —h(z)* (20.6)

is called a symmetric Herglotz function. ]

Herglotz functions appear, for instance, in quantum mechanics, whereas in sys-
tem theory, as well as in other places, also the following class of functions is widely
used.

Definition 20.3. A holomorphic function p: C, — C is called positive real (PR)
if it has Re[p(z)] > 0 for z € C, and takes real values on the positive real line
(Figure 20.2). O

Any symmetric Herglotz function /4 gives rise to a PR function p by setting
p(z) := —1h(iz) and, conversely, any PR function p gives rise to a symmetric Herglotz
function % by setting 4(z) := i p(—iz).

One of the most powerful tools in the theory of Herglotz functions is the classical
integral representation theorem. The theorem was first considered over 100 years ago
and has paved the way for many other results about Herglotz functions. Using modern
notation, we present the theorem in the following form (see also [13]).

Theorem 20.1. A function #: C* — C is a Herglotz function if and only if / can be
written as

h(z)=a+bz+/

R

( ! ‘ )d,u(r) (20.7)

T—z 14712

where u is a positive Borel measure (cf. [32]) satisfying the growth condition

1
fR i) <00 (20.8)

and the constants a € Rand b > 0. O

The following properties can be derived from the above theorem [13,31]:

i. If a Herglotz function attains a real value in the open upper half-plane, then it
is a real-constant function.

Im p Im

/_\

z Re (@) Re

Figure 20.2 A PR function maps the right half-plane C. (blue) to the closed right
half-plane C, UiR (yellow) and, in particular, R* := (0, 00) into
Ry := [0, 00)
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The number a from Theorem 20.1 is equal to a = Re[A(i)] while the number b
is given by

h
b= lim he) (20.9)

z>00 Z

Here, the symbol > denotes a non-tangential limit (see Remark 20.1).
The measure x from Theorem 20.1 is given as the distributional boundary value
of Im[/4]. More precisely, for any C'- (i.e., continuously differentiable) function
¢: R — R which satisfies the inequality |¢(x)| < C(1 +x?)~! for some C > 0
and all x € R, we have that

y—>0t T

1
lim — / e()Im[A(x +1iy)]dx = / o(t)du(r) (20.10)
R R
The measure u has a point mass at the point ty € R if and only if the limit
w({to}) = lim (7o — 2)h(z) (20.11)
z51)

is positive, [13].

If the measure p is purely absolutely continuous with respect to the Lebesgue
measure Ar and the boundary value p/(x) := lim,._, o+ %Im[h(x + iy)] exists as
a square integrable function, i.e., 1’ € L*(R), then

T ()
1+ 12

Symmetric Herglotz functions (20.6) admit the integral representation

w'(t)
T—Z

hzy=a+bz+ / dr, wherea:=a— / dr (20.12)
R R

R d 2
W) =bz+ lim / MO _ . +f — = du(r) (20.13)
—00 J_ (0,00)

RT—2Z z 72 — 72

where ¢ = u({0}).

Remark 20.1. The notation z—>00 denotes the non-tangential limit |z| — oo, i.e.,
within some Stoltz domain {z € C* |0 < Arg(z) < 7w — 0} with parameter 6 € (0, 71
Similarly, z->7, denotes the non-tangential limit z — 7y within {z € C* | 0 <
Arg(z — 1) < — 60} with € € (0, 5]. A Stoltz domain in the latter case is visualized
in the figure below.

Im

The integral representation offers also a way to synthesize Herglotz functions.

Example 20.3. The point measure §,, at a point xy € R, along with suitably chosen
constants a and b, produces the rational Herglotz function /(z) = 1/(xo — z) with a
simple pole at the point xj; see also (20.11). Here, we note that Im[A(x)] = 0 for
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x € R\ {xo} while A(xo) is undefined. Similarly, the sum of the point masses §, Ly
at the points (n — %)71, n € Z produces the tangent function, which is thus a Herglotz
function, i.e.,

L 1 =\ & 82
tan(2) = ) ((n— Dr—z 1+(- %)2:12) - Z@n— 122 — 4z

n=-—00 n=1
(20.14)
where the first expression includes the convergence term in (20.7) and the symmetric
version (20.13) is used in the second expression. |

The class of Herglotz functions has a non-empty intersection with Hardy spaces
(cf. [33]). The Hardy space H”, where 1 < p < oo, is the space of holomorphic
functions in C* for which the norm

1
sup (fp lgtx+iy)lPdx)” 1<p<oo
gl = 1" (20.15)
sup |g(2)] p =00

zeC+t
is finite. In particular, for a function g € H” for almost all x € R the boundary value
g(x) :=lim,_ o+ g(x + iy) exist and g € L”(R).
Hardy spaces are also related to the Hilbert transform [9]. The Hilbert transform
of a function u is defined as

I
Hux) = —p.v. / u()

RX—T

dr (20.16)

where p.v. means the Cauchy principal value of the integral. The operator 7 is
bounded in L” for 1 < p < oo; see [9] for a discussion of the L! and L™ cases.

The real and imaginary parts of the boundary value of a function g € H” are
related by the Hilbert transform, i.e., for u(x) := Re[g(x)] and v(x) := Im[g(x)] it
holds that

u=-—-v} and v={u} (20.17)

Functions g € H? with Im[g(z)] > 0 are Herglotz functions and the corre-
sponding Hilbert transform relations are often referred to as the Kramers—Kronig
relations or dispersion relations [10]. On the contrary, some Herglotz functions do
not belong to any space H”, some examples being the functions £, k4, ks, he, and A7
from Example 20.1.

Another feature of Herglotz functions is that they, under certain conditions,
provide integral identities closely connected to the moments of the measures with
interesting applications to electromagnetic theory. Let us begin with some necessary
definitions.

Definition 20.4. Let /2 be a Herglotz function. If for K > —1, there exist real numbers
by,bg,b_1,...,b_g such that & can be written as

b_ b_ 1
h(z)=b12+bo+—l+"'+—KK+0(_K) as z—>00 (20.18)
z z z

then we say that 4 admits at z = oo an asymptotic expansion of order K . |
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Remark 20.2. This means that

b_ b_
lim Z& (h(z) —biz—by— — — —KK> =0 (20.19)
z5>00 z z
Moreover, the coefficients b_; are given by
A b_ b_-
by = lim z/ (h(z) —biz—by— — — e — M) (20.20)
T 5% z zJ-1

Expansions atz = 0 are defined analogously. This can either be done explicitly, as
in the following, or via the expansion at oo for the Herglotz function 4(z) := h(—1/z).
The above remark applies then accordingly.

Definition 20.5. Let /2 be a Herglotz function. If for K > —1, there exist real numbers

a_i,dap,a,...,ax such that 4 can be written as
a_ R
hz)= = 4ay+az+ - +agzX + o)  asz>0 (20.21)
z
then we say that /4 admits at z = 0 an asymptotic expansion of order K. O

Remark 20.3. Note that every Herglotz function has asymptotic expansions both at
z = ooandatz = 0 of order —1. Indeed, by equalities (20.9) and (20.11), the numbers
by and a; always exist and are equal to the numbers b from Theorem 20.1 and —u({0}),
respectively.

The following two theorems are the central statements in this context, [14]. We
start with the version with positive exponents, which are related to expansions at co.

Theorem 20.2. Let & be a Herglotz function. Then, for some integer N, > 0, the
limit

lim lim N Im[h(x + iy)] dx (20.22)

e—0t y—>0t 5<|x|<%

exists as a finite number if and only if the function 4 admits at z = oo an asymptotic
expansion of order 2N, + 1. In this case,

a_| — b_1 n=0

—b_,_; 0<n<2Ny
(20.23)

holds. O

1
lim lim —/ 1 X"Im[A(x + iy)] dx =
5<|x\<;

e—0t y—>0t TT

The corresponding result for negative exponents, which are related to the
expansions at 0, reads as follows.

Theorem 20.3. Let 4 be a Herglotz function. Then, for some integer Ny > 1, the limit
Im[A(x + iy)]

lim lim
e—>0t y—>0+ x2No

(20.24)

1
s<|x|<5
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exists (as a finite number) if and only if # admits at z = 0 an asymptotic expansion
of order 2N, — 1. In this case,

1 Im[A i —b =2
lim lim — / Imlate 1y _ Jar=bv P (20.25)
e—>0t y—0t 7T s<\x\<% xP ap—1 2 < p = 2N0
holds. O

The above integral identities (20.23) and (20.25) are often called sum rules.

Remark 20.4. The proof of the above two theorems relies on a version of formula
(20.10) for noncontinuous test functions; see, e.g., [34].

Example 20.4. The Herglotz function 4(z) = tan (z) has the asymptotic expansion

72 27 .
tan(Z)=Z+?+F+'~ asz—>0 (20.26)
and tan (z) = 1+ o(1) as z—>o00. We thus find that a; = 1, a3 = 1/3, as = 2/15, and
by = 0, and the following sum rules

. p=2
1 Im( t

lim lim — / Imfan+ Wy by -4 (20.27)
e—0t y—>0t TT e<lxl<l/e XP

2/15 p=6

apply. |

Remark 20.5. Note that the case of p = 1 is not included in Theorem 20.3. In order
to guarantee this limit to be finite, it is required that /# admits both at co and at the
point zero asymptotic expansions of order 1. In this case, the limit equals ay — by.

Remark 20.6. Note that the exponents in (20.22) and (20.24) are even. A correspond-
ing statement for odd exponents, meaning that the existence of the limit is equivalent to
the existence of the expansion, does not hold. A counterexample is given in [14, p. 9].

Example 20.5. Note that the assumption that the coefficients in expansions (20.18)
and (20.21) are real is essential. Consider, e.g., the function 4(z) = iforz € C*, which
admits expansions of arbitrary order if non-real coefficients are allowed. However,
neither of the limits (20.22) nor (20.24) do exist. Note that this example also shows
that not every Herglotz function does admit a sum rule. ]

For symmetric Herglotz functions, we note that the non-zero odd and even ordered
coefficients within an asymptotic expansion of a symmetric Herglotz function (20.6)
are necessarily real-valued and purely imaginary, respectively. Thus based on Theo-
rems 20.2, 20.3 and Remark 20.5, we stop our expansion at the appearance of the first
imaginary term, or the first non-existing term. If the assumptions in both theorems are
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satisfied, i.e., that both asymptotic series exist, are real-valued to order 2N, — 1 and
2No + 1, respectively, we can summarize Theorems 20.2, 20.3 and Remark 20.5 as

2 [ Imh 2 [V Imh(x + i
_/ m[ (X)] dx = llm hm - / w dx = dyy—1 — b2n71
T Je X

T Jo+ x2n e—0t y—>0t n
(20.28)
forn = —N,,...,No.

20.3 Passive systems

In this section, we show how symmetric Herglotz functions and the corresponding
PR functions are related to passive systems.

Physical objects that cannot produce energy are usually considered as passive.
However, these objects are not necessarily passive from a system point of view. The
crucial point is how the input and the output of the system are defined. For the most part
here, we constrain our viewpoint to one-port systems. These systems consist of one
input and one output parameter, which can be measured at the ports of these systems
(see Figure 20.3). Here, the signal enters the system and its response can be measured.
A common example of such a system is an electric circuit with two nodes to which we
can input a signal, e.g., a current, and measure a voltage. The one-port systems, we
regard in this section are linear, continuous, and time-translationally invariant. Time-
translation invariance means that the system does not explicitly depend on time; that
is, if a system produces the output v(¢) from the input u(¢) at time ¢, then a time-shifted
input u(z + v) gives a shifted output v(# + 7). These properties characterize systems
in convolution form [6].

Definition 20.6. A system with input «(¢) and output v(¢) in the time-domain is in
convolution form if

v(t) = (wxu)(t) = /Rw(r)u(t —1)dr (20.29)

where w(t) is the impulse response. [

In this chapter, we restrict ourselves to real-valued systems, i.e., the systems
where the impulse response w is real-valued.

There are two ways to define passivity for different types of systems: admittance
passivity and scattering passivity [6,35].

Input
o— |

System

o——

Output

Figure 20.3 A one-port system
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Definition 20.7. Consider a convolution system with input signal u(¢) and output
signal v(#), both of which in general can be complex valued. The system is called
admittance-passive if

T

Wan(T) := Re / v()u(ty* dt > 0 (20.30)

—0o0

forall 7 € R and all u € C{° (i.e., smooth functions with compact support). O

Here, #,4n(T) represents all energy the system has absorbed until the time T'.
By requiring this quantity to be positive, we say that the system absorbs more energy
than it emits, and thus, the system does not produce energy. Passivity also implies
that the system is causal [6].

The crucial connection to Herglotz and PR functions is given by the following fact.
It can be shown that the impulse response of a passive system has the representation [6]

w(t) = b8'(£) + 6(¢) fR cos (£1) du(&) (20.31)

where b > 0, &' denotes the derivative of the Dirac distribution (cf. [6]), 6 is the
Heaviside step function (cf. [6]), and the measure u satisfies the growth condition
(20.8). This implies that the Laplace transform of the impulse response (20.31),
Waim(s), is a PR function and that the corresponding symmetric Herglotz func-
tion (20.13) has exactly the parameters b and p.

Let us consider a few examples of passive systems in electromagnetics.

Example 20.6. Input impedance of electrical circuit networks Consider a simple
electric one-port circuit containing passive components, meaning that all lumped
element components have positive values, e.g., that each resistance R, inductance
L, and capacitance C are positive. The input signal to this system is the real-valued
electric current i(¢) and its output signal is the voltage v(¢); see Figure 20.4(a). As
an explicit example, consider the simple circuit in Figure 20.4(b). To verify that this
system is passive, we evaluate the integral (20.30).

o—>—
T i) L
v(7) Circuit Y0) R
(a) (b)

Figure 20.4 Two electrical one-port systems: (a) A general electric circuit. (b) A
simple circuit example
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Given the input current i(f), the voltage is given by v(¢) = L% + Ri(t) =
(w x i)(t), where w = L8’ + RS is the impulse response, cf. (20.31). Hence, the
integral (20.30) becomes

T . T
%mﬂ:/ G%@m+mwﬁm=?ﬂﬂm/imﬁgo

—0o0 o0

(20.32)

showing that the system is admittance-passive. The transfer function (input
impedance), which by definition is the Laplace transform of the impulse response,
becomes, in this case, the PR function

Woam(s) := Zin(s) = sL + R (20.33)

The input and output can be interchanged, and by using the voltage as input, the input
admittance is given by Yi,(s) = 1/Ziy(s), which is also a PR function. This simple
example generalizes to circuit networks composed of arbitrary number and combi-
nations of passive resistors, capacitances, and inductances resulting in rational PR
functions [36]. Moreover, it is straightforward to include transformers and transmis-
sion lines as well as multiple input and output systems resulting in matrix-valued PR
functions [37]. |

In contrast to this example, in other situations, it is often less clear how to define
a system in a suitable way so that it becomes passive. For instance, consider the
constitutive relations.

Example 20.7. Constitutive relations Electromagnetic properties of isotropic mate-
rials are characterized through constitutive relations with quantities known as
permittivity ¢ and permeability p, which relate the frequency domain electric E
and magnetic H field intensities to the electric D = ¢E and magnetic B = uH flux
densities, respectively. These constitutive relations are regarded as systems with field
intensities and flux densities as input and output signals, respectively. The class of lin-
ear, time-translationally invariant, continuous and passive constitutive relations are,
hence, related to PR and Herglotz functions. The energy relation in (20.30) is derived
by the Poynting’s theorem [38,39] and reveals that the pertinent passive systems are the
maps from the field intensities to the temporally differentiated flux densities [14,21].

Time-domain admittance passivity implies that in the Laplace domain, the cor-
responding transfer function is a PR function or, equivalently, a symmetric Herglotz
function after some suitable transformations; see Section 20.2. In this domain, time
differentiation results in a multiplication with the angular frequency. The constitu-
tive relation D(s) = (s)E(s) is a passive system if se(s) is a PR function. Similarly,
permeabilities u, such that su(s) are PR functions, can be used to model all linear,
time-translationally invariant, continuous, and passive models for magnetic media.ll

Let us now consider the second definition of passivity, scattering passivity.
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Definition 20.8. Consider a convolution system with input signal u(¢) and output
signal v(¢). The system is called scattering-passive if

T
WioaT) = / (P — WO dt = 0 (20.34)
forall T e Randall u € C°. O

Requiring a system to be scattering-passive corresponds to the energy of'its output
signal always being less than that of its input signal. It can be shown that the transfer
function W, (s) of a scattering-passive system satisfies the relation | W (s)] < 1
for all s € C, [6,14]. Then a suitable rational (Cayley) transformation of the transfer
function, namely the function s > (1 + Weai(s))/(1 — Wieat(s)), is a PR function.

Let us consider an example of a scattering-passive system.

Example 20.8. Reflection from an isotropic slab placed above a ground plane
The reflection coefficient I" from an isotropic slab characterized by passive permit-
tivity &, passive permeability u,, thickness d > 0, and placed above a perfect electric
conducting (PEC) plane, see the figure below, can describe a scattering-passive sys-
tem. Let the incident wave E; be the input signal and the reflected wave E; be the
output signal of the system. Assume the reference plane is placed in front of the slab,
ie,x <0.

The reflection coefficient for an isotropic slab corresponds to the reflected wave
E, = I'E; and is calculated as

I — liknd
i =+ ©

where Iy = (n — 1)/(n + 1) is the reflection coefficient at the air—slab interface, & is
the wave number, n = /&, /I, is the refractive index of the slab, and n = /1, /¢, is
the relative wave impedance of the slab. This function can be shown to map the open
right-half of complex plane to the closed unit disk. |

Admittance-passive and scattering-passive systems are in close correspon-
dence; namely given an admittance-passive system, it is possible to construct a
new scattering-passive system, and conversely (see Theorem 5 in [35], as well
as [37,40,41)).
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20.4 Sum rules and physical bounds

The integral identities in Theorems 20.2 and 20.3 have a very useful application in the
derivation of physical bounds on passive systems; see, e.g., [14]. In the engineering
and physics literature, these integral identities appear in various forms and are also
often referred to as sum rules [9,14]. Typically, the appropriate Herglotz function
h is the Fourier transform of a physically realizable real-valued convolution kernel,
and which, hence, possesses the symmetry h(—z*) = —h(z)*, or p(z*) = p(z)* for
a PR function. For Herglotz functions, the integral identities are given on the real
axis where z = x is commonly interpreted as angular frequency w (inrad/s), wave
number k = w/cy (inm™"), or as wavelength A = 27 /k (inm). For PR functions, the
imaginary axis z = iy is instead playing this role.

In many practical electromagnetic applications, it is reasonable to assume
(or even to acquire by measurements) some partial knowledge regarding the low-
and/or high-frequency asymptotic expansions of the corresponding Herglotz func-
tion, such as the static and the optical responses of a material, or a structure. In these
cases, the sum rules and the corresponding integral identities can be used to obtain
inequalities by constraining the integration interval to a finite bandwidth in the fre-
quency (or wavelength) domain, and thereby yielding useful physical limitations in
a variety of applications. Typical examples are with matching networks [15], radar
absorbers [16], high-impedance surfaces [20], passive metamaterials [21], scatter-
ing [17,42], antennas [18,22,23,43], reflection coefficients [44], waveguides [45],
periodic structures [46], etc.

Three examples are given next to illustrate typical situations where sum rules
can be used to derive physical limitations on passive electromagnetic systems. In
special situations, such results have previously been derived using residue calculus
and Kramers—Kronig relations [16,36,38,47-49], whereas here, we consistently use
the general result (20.28).

Example 20.9. The resistance-integral theorem Consider a passive circuit consist-
ing of a parallel connection of a capacitance C and an impedance Z,(s) that does
not contain a shunt capacitance (i.e., Z;(0) is finite and Z;(s) does not have a zero at
s = 00); see the figure below. Then the input impedance of this circuit is given by
Z(s) = 1/(sC + 1/Z;(s)), which is a PR function in the Laplace variable s € C,, and
hence the system is admittance passive.
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The asymptotic expansions are Z(s) = Z;(0) + o(s) ass—>0and Z(s) = 1/(sC) +
o(s~!)as s> c0. Here, the corresponding Herglotz function is A(w) := iZ(—iw) where
s = —iw and w € C*. Its low- and high-frequency asymptotics are

1
hw)=o(w™") asw>0 and h(w)= —C +o(@™") asw>o00 (20.36)
w

In terms of (20.21) and (20.18), we have a_; = 0 and b_; = —1/C, and thus the sum
rule (20.28) with n = 0 gives

3 /00 Re[Z(—iw)]dw = 3 foo Im[Ai(w)]dw=a_1 —b_, = l (20.37)
T Jo+ T Jo+ C

By integrating only over a finite frequency interval 2 := [w, @, ], and estimating
this integral from the following, we obtain the bound

e}

Aw inf Re[Z(~iw)] < /0  Re[Z(~iw)]do = % (20.38)

where Aw := w, — w;. Consequently, inequality (20.38) limits the product between
the bandwidth and the minimum resistance over the given frequency interval; see
also [47]. |

Compositions of Herglotz functions can be used to construct new Herglotz func-
tions and, hence, also new sum rules. Here, we illustrate this for a case where the
minimal temporal dispersion for metamaterials is determined. The problem is first
transformed to the problem of determining the minimum amplitude of a Herglotz
function over a bandwidth [14,21].

Example 20.10. Metamaterials and temporal dispersion When a dielectric
medium is specified to have inductive properties (i.e., has negative permittivity) over
a given bandwidth, it is regarded as a metamaterial. A given negative permittivity
value at a single frequency is always possible to achieve. For instance, the plasmonic
resonances in small metal particles can be readily explained by using common Drude
or Lorentz models, etc. However, when a constant negative permittivity value is
prescribed over a given bandwidth, the passivity of the material will imply severe
bandwidth limitations; see, e.g., [21].

To derive these limitations based on the general theory of Herglotz functions,
we start by considering the following general situation: Let F(x) := —ho(x) be the
negative of a fixed Herglotz function %, that can be extended continuously to a neigh-
borhood of the compact interval 2 C R and has the large argument asymptotics
ho(z) = bz + o(z) asz—>00. Let h denote an arbitrary Herglotz function with the same
continuity property on the real line and satisfying the asymptotics A(z) = b1z + o(z)
as z—>00. We aim to derive a lower bound for the error norm

A = FllL) = Sup |h(x) — F(x)| (20.39)
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To this end, an auxiliary Herglotz function % 4(z), cf. [21], is defined by

1 A 1 1 z— A 1+0(1) aSZ—A>0
hae) = — / —ds=—Log= =1 o4
ab—z T Tz+A —— +4o0(z7') asz>o0
Tz
(20.40)

Note that Im[A4(z)] > % for |z] < A and Im[z] > 0. Next, consider the composite
Herglotz function h(z) := ha(h(z) + ho(2)), where h(z) + ho(z) = (b1 + b9)z + o(z)
as z—> 00 yields the asymptotics

—2A
hz)=o0(z"asz>0 and h(z)= ———z"' +o(z ) asz>o00
@) = o) &= gy T
(20.41)
The sum rule (20.28) with n = 0 is given by
2 [ 2A
— Ima()]dx=a —b_| = ——— (20.42)
7 Joy (b +bY)
Choosing A := sup, g |h(x) + ho(x)]|, the following integral inequalities follow
1 2 2 [ 2 h h
Ligi<2 / Im{ ()] dv < = / [ (o)) dv = —>4Peen 100 + ()
T T Jo—— T Jo+ 7 (b + bY)
51
Z3
(20.43)
or
1
i+ hollLe@) = (b1 + b(l’)§|§2|, where |Q| = / dx (20.44)
Q

Consider now a dielectric metamaterial with a constant, real-valued, and negative tar-
get permittivity &; < 0 to be approximated over an interval Q2. In this case, F(z) = ze&,
and ho(z) = —F(z) with ) = —¢,. Let &(z) be the permittivity function of the approx-
imating passive dielectric material, and A(z) = ze(z) the corresponding Herglotz
function with b; = &, the assumed high-frequency permittivity of the material, and
the approximation interval Q = wy[1 — B/2,1 + B/2], where w is the center fre-
quency and B the relative bandwidth with 0 < B < 2. The resulting physical bound
obtained from (20.44) is given by

(800 - gt)B
) — ooy > —= U 20.45
le(-) — el Q) = 2+ B ( )
see also [21]. Note that the variable x corresponds here to angular frequency, also
commonly denoted as w (in rad/s). |

Scattering passive systems have transfer functions that map C* to the unit disk.
To use (20.28), we first construct a Herglotz (or PR) function by mapping the unit
disk to C*. This map can be made in many different ways and the particular choice
depends on the asymptotic expansion and the physical interpretation of the system.
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The Cayley transform, logarithm, and addition are most common in applications.
Here, the reflection coefficient of a radar absorber is considered. It is desired to
bound the magnitude of the reflection coefficient and, hence, the logarithm is used to
construct a Herglotz function.

Example 20.11. Sum rules for passive radar absorbers The reflection coefficient
I" (k) for an isotropic slab with permeability (k) and permittivity (k) was derived in
Example 20.8, where k = w/cy is the wave number. Assuming that p(k) = ps + O(k)
and (k) = &, + O(k), where s and & are the corresponding static values, it can be
shown that the reflection coefficient has the following asymptotic expansions

(k) = —1 — 2kdps + O(k*) as k>0 and I'(k) = O(1) as k=>00 (20.46)

The function I" (k) is the Fourier transform of a scattering passive convolution kernel,
so I"(k) is an analytic function with | " (k)| < 1 fork € C*. Hence it has a representa-
tion of the form I'(k) = —B(k)e"™®, where B(k) is a Blaschke product (cf. [50]) and
h(k) a Herglotz function [14]. With an appropriately chosen branch of the logarithm,
h can thus be written

h(k) == —1i log ( F(k)l_[ Z’:) (20.47)

where k, are the zeros of I'(k) with Im[k,] > 0. The Blaschke product is used to
remove these zeros from the upper half plane and the negative sign is chosen here to
make the Herglotz function /(k) symmetric.

The asymptotic expansions of A(k) are given by

1
hk) = k (Zdus +2 Xn:Im [k—

n

D +o(k) ask>0 (20.48)

and h(k) = o(k) as k= oo. Therefore, there is a sum rule (20.28) yielding

2 [*Im[h(k)] 1
z /O — 2 dk = 2dps +2 Xn:Im [k—] (20.49)

T + k?

Since Im[1/k,] < 0, the following inequality is obtained:

2 (® —In|l(k >
_/ BN e < odi o / —In [T dx < 272d g (20.50)
T Jo+ k2 ot

where we used A = 2x/k to arrive at the final formulation, which was originally
given in [16]. Note that the inequality in (20.50) gives also the following bound on
the absorption parameter 1/|17())| over the interval [A;, A;]

! o
A inf In—— < [ In—— dx < 27dp, 2051
relaal T = /w T H (20.51)

where AL = Ay — A4
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The derivation above is, for simplicity, presented for homogeneous slabs sim-
ilar to the multilayer case originally presented in [16]. The sum rule and physical
bounds are generalized to arbitrary inhomogeneous periodic structures using the low-
frequency expansion in [20] together with passivity and expansion of the reflected
field in Floquet modes. This derivation shows that (20.51) is valid for the general case.
An extension of the result (20.51) has applications in the evaluation of bandwidth
performance of array antennas [22,23]. ]

20.5 Convex optimization and physical bounds

Convex optimization [27,51] based on the Herglotz function representation (20.7)
can be used to approximate and identify passive systems. However, to facilitate the
computation of a numerical solution using a software such as CVX [51], it is neces-
sary to first impose some a-priori constraints on the class of approximating Herglotz
functions. In particular, we are interested here in Herglotz functions that are known
to be locally Holder continuous on some given intervals on the real line. Hence,
a passive approximation problem is considered where the target function F is an
arbitrary complex-valued continuous function defined on an approximation domain
Q2 C R consisting of a finite union of closed and bounded intervals of the real axis.
The norms used, denoted by || - [|Leow.q), are weighted L?(€2)-norms [50] which are
defined here by using a positive continuous weight function w on €2, and where
1 <p<=oo.

Here, the approximating function /% is the Holder continuous extension (to €2)
of some Herglotz function generated by an absolutely continuous measure p having
a density p’ which is Holder continuous on the closure U of an arbitrary neigh-
borhood U O 2 of the approximation domain. The function p" is Holder continuous
with Holder exponent o, meaning that |u'(t) — u/'(¢)| < C |t — ¢|* forallz,¢ € U,
where 0 < @ < 1 is fixed, and C > 0 is an arbitrary constant. The correspond-
ing Holder space is denoted C*%(U); see, e.g., [52, pp. 94—104]. It can be shown
that the Hilbert transform integral operator ¢, defined similarly as in (20.16), is a
bounded operator .7 : C**(U) — C*(R); cf., e.g., Theorem 7.6 and Corollary 7.7
on pp. 101-102 in [52] and see also [9]. By assumption, both the real and the imagi-
nary parts of / are continuous functions on 2. Moreover, it holds that Im[A] = 7y’
on U (cf. [13, p. 7]) and, due to the Holder continuity of the density 41’ on U, the real
part is given by the associated Hilbert transform [52], similar as in (20.17). Now, the
impulse response of a passive system can usually be considered as real-valued. In this
case, the approximating Herglotz function /4 can be assumed to be symmetric and its
real part admits the representation

W ()
T—X

Re[A(x)] = bx + p.v./ dr forx e Q (20.52)
R

where Im[A(x)] = 7 u'(x) for x € Q.
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The continuity of 4 on € implies that the norm ||4|[1rqq) is well-defined for
1 < p < oco. An approximation problem of interest can now be formulated in terms
of the greatest lower bound on the approximation error, defined by

d .= ll;llf ||l’l — F”L})(W’Q) (2053)

where the infinum is taken over all Herglotz functions /4 generated by a measure
having a Hélder continuous density on U.

In general, a best approximation achieving the bound d in (20.53) does not exist.
In practice, however, the problem is approached by using numerical algorithms such
as CVX [51], solving finite-dimensional approximation problems using B-splines,
with the number of basis functions N fixed during the optimization, cf. [24,25]. Here,
aB-spline of order m > 2 is an m — 2 times continuously differentiable and compactly
supported positive basis spline function consisting of piecewise polynomial functions
of order m — 1, i.e., linear, quadratic, cubic, etc., and which is defined by m + 1 break
points [53]. Let us now consider a discretization of the problem expressed in (20.53),
which is based on an arbitrary, finite partition of the approximation domain 2. Let

N
AW E) =D Ly (palx) + pa(—)) (20.54)
n=1

for x € R be a finite B-spline expansion of Im [/(x)], where ¢, are optimization
variables for n = 1,...,N, and p,(x) are B-spline basis functions of fixed order m
which are defined on the given partition. The real part Re[A(x)] for x € Q is then
given by (20.52), and can be expressed as

N
Re[A(x)] = bx — % + HX:I: Ln (ﬁn(x) —f),,(—x)) , X€EQ (20.55)

where p,(x) is the (negative) Hilbert transform of the B-spline function p,(x) and
where a point mass at x = 0 with amplitude ¢, has been included; see (20.13). Any
other a-priori assumed point masses can be included in a similar way. Explicit formulas
for general B-splines and their Hilbert transforms are given in [24]. As an example,
a piecewise linear (“roof-top”) B-spline on a uniform partition is given by p,(x) =
p(x — nA), where

1—Ix|/A x| <A
p(x) = 20.56
) 0 |x] > A ( )

forx € Rand A > 0, and its (negative) Hilbert transform p,(x) = p(x — nA), where
1

px) = —A(len x| —(x — A)lnjx — Al —(x+ A)ln |x + A}) (20.57)
T

for x € R. Note that the logarithmic singularities in (20.57) cancel, and the function
P(x) is a continuous function on R.



Herglotz functions and applications in electromagnetics 509

Consider now the following convex optimization problem:

minimize ||h — Flloow,e)
subjectto ¢, >0, forn=0,..., N (20.58)
b>0,

where the optimization is over the variables (¢, ¢1, . - ., {v, b). Note that the objective
function in (20.58) above is the norm of an affine form in the optimization variables.
Hence, the objective function is a convex function in the variables (&g, 1, - - -, ¢y, D).

The uniform continuity of all functions involved implies that the solution to
(20.58) can be approximated within an arbitrary accuracy by discretizing the approx-
imation domain Q2 (and the computation of the norm) using only a finite number
of sample points. The corresponding numerical problem (20.58) can now be solved
efficiently by using the CVX MATLAB® software for disciplined convex program-
ming [51]. The convex optimization formulation (20.58) offers a great advantage in
the flexibility in which additional or alternative convex constraints and formulations
can be implemented; see also [24,25].

Example 20.12. A canonical example of convex optimization is with the passive
approximation of metamaterials; see also [21,24,25]. As in Example 20.10, the vari-
able x corresponds here to angular frequency, also commonly denoted as w (in rad/s).
A typical application is with the study of optimal plasmonic resonances in small
structures (or particles) for which the absorption cross section can be approximated by

Oabs ~ kIm[y] (20.59)

where k = 27 /A is the wave number of free space, A the wavelength, and y is the
electric polarizability of the particle; see [54]. As, e.g., the polarizability of a dielectric
sphere with radius a is given by y(x) = 4w a’®(e(x) — 1)/(e(x) + 2), where £(x) is the
permittivity function of the dielectric material inside the sphere.

A surface plasmon resonance is obtained when e(x) & —2, and, hence, we specify
that the target permittivity of our metamaterial is & = —2. However, a metamaterial
with a negative real part cannot, in general, be implemented as a passive material
over a given bandwidth, cf. [21]. Based on the theory of Herglotz functions and
associated sum rules, the physical bound in (20.45) can be derived, where ¢, is the
high-frequency permittivity of the material, &; < €40, 2 = wy[1 — B/2,1 + B/2], w,
the center frequency, and B the relative bandwidth with 0 < B < 2, cf. [21]. The
convex optimization formulation (20.58) can be used to study passive realizations
(20.54) and (20.55) that satisfies the bound (20.45) as close as possible. Here, the
approximating Herglotz function is 4(x) = xe(x), the target function F(x) = xe,
the amplitude of a point mass at x = 0, b = &, and a weighted norm is used defined
by || fllLeow,e) = MaXeeq | f(x)/x| assuming that 0 ¢ Q.

In Figure 20.5 is shown the absorption cross section o). of a small (¢ = 5nm)
gold nanosphere modeled by using a dielectric Drude model with static conductivity
09 = 4.52 - 107 S/m and collision frequency v = 4.449 - 10'2 Hz; see [55]. The plot
also shows the maximal bandwidth (MB) for the corresponding Drude peak resonance

based on the associated sum rule AA = 47°a*/ max o2 corresponding to a relative
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Figure 20.5 Absorption cross section o5, of a small (a = 5nm) gold nanosphere
modeled by using a dielectric Drude model. The red dashed line (MB)
gives the maximal bandwidth for the corresponding peak resonance
based on the associated sum rule A\ = 4m3a’ / max o). Here, oS\
and o %% correspond to optimized permittivity functions for relative

bandwidths B = 2.5 - 1072 and B = 1.25 - 1073, respectively
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Figure 20.6  Real and imaginary parts of the optimized permittivity functions
approximating a metamaterial with e, = —2. Here, £y and ey, are
optimized using (20.58) and linear B-splines, for the relative
bandwidths B = 2.5 - 1072 and B = 1.25 - 1073, respectively. UB1-2
and LB1-2 denote the corresponding upper and lower physical bounds
based on (20.45)

bandwidth of B = 2.5 - 1073, Finally, the plot shows the absorption cross sections
oSl and 052 in two examples, where the permittivity functions have been optimized
using (20.58) and linear B-splines for the relative bandwidths B = 2.5 - 10~ and
B = 1.25- 1073, respectively. The resulting optimal permittivity functions are plotted
in Figure 20.6 together with the fundamental bound (20.45). Note that there is also
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a point mass with amplitude ¢, at x = 0 which is not seen in this plot. All plots are
made with respect to wavelength A = 27 /k. |

20.6 Conclusions

We have illustrated how the theory of Herglotz functions provides essential informa-
tion about electromagnetic systems and engineering challenges, both by using this
theory on well-known problems and recent results. Sum rules and convex optimiza-
tion utilize the inherent constraints due to passivity, linearity, and time-translational
invariance of the electromagnetic applications to obtain fundamental physical bounds.
Furthermore, these techniques not only give physical bounds, but in several cases have
been shown to be predictive as a tool in the design of electromagnetic structures.
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